Abstract-Nanomaterials are often functionalized with biological ligands to enable their use as sensors of biological activity. However, the intricacies of nano-bio interactions are poorly understood, which hampers our ability to design nanomaterial-based sensors. Current experimental tools have been unable to visualize interactions occurring on the nano-bio interface with the spatial and temporal resolution needed to quantify biological interactions at their fundamental length and time scales. To fill the need for concurrent visualization of nanoparticles and biomolecules, we have combined two common microscopy techniques, one being for the study of biomolecules and the other for the study of nanoparticles, into a single instrument that has the capacity to study both nanoparticles and biological molecules simultaneously with spatial and temporal resolution that is appropriate for nanoscale interactions. This novel instrument has been used for the characterization of high-sensitivity sensors by designing synthetic biological polymers to selectively encapsulate single-wall carbon nanotubes. The design of synthetic sensing tools based on nanoparticle-biomolecule hybrids is promising for areas in need of high-specificity sensors, such as label-free detection of molecules within a cell, nanoparticle-based diagnostic tools, and nanoscale therapeutics. We introduce three examples of highsensitivity and high-selectivity synthetic sensors that have the ability to detect a variety of molecules on a singlemolecule scale: riboflavin, L-thyroxine, and oestradiol. These sensors have been used to detect and quantify riboflavin levels within a live murine macrophage cell in real-time. The findings provided herein will enable the development of early-onset diagnostic tools at the level of a single cell.
INTRODUCTION
The past decade has seen a rapid emergence in the use of nanomaterials for biomedical applications including the development of high-sensitivity and high-specificity sensors of biological activity. Nanomaterials have unique optical, chemical, and mechanical properties that make them useful for such applications [1] . In particular, semiconducting single-wall carbon nanotubes (SWNT) exhibit three essential figures of merit required for their use as fluorescence-based sensors of biological activity: SWNT exhibit an extraordinary quantum yield, are the only fluorophores to-date that have essentially infinite lifetimes, and emit in an optical window where tissues, cells, blood, and other biological samples are transparent [2] . SWNT are often functionalized with biomolecules to enable their use as sensors [3] , which reduces SWNT toxicity by masking their hydrophobic nature [4] . However, ingenious biofunctionalization can also impart sensing capabilities to SWNT, such that the SWNT-biomolecule conjugate produces a signature SWNT-mediated intensity and wavelength shift in the presence of a specific analyte molecule [5] . However, the rational design of biomolecules that produce high-specificity signals when conjugated to SWNT is limited by a poor understanding of the fundamental bio-nano interactions that lead to high-specificity signals. Existing optical tools have insufficient overlap to study both biomolecules and nanomaterials simultaneously [6] , which is becoming increasingly necessary to advance fields of research that hinge on nano-bio interactions such as the design of SWNT-based sensors. This hampers our ability to predict relevant biological activity on nanoparticles, determine the cause of -and solution to -nanoparticle toxicity, and leaves us ill-equipped to design sensors and other nanoparticle-based medical diagnostic tools.
II. RESULTS

A. Construction of a hybrid visible/near-infrared microscope
A common tool to study individual biomolecules and their interactions in vitro and in vivo is single-molecule Total Internal Reflection Fluorescence Microscopy (sm-TIRF).
978-1-4799-3728-8/14/$31.00 ©2014 IEEE Imaging with sm-TIRF combines nanometer spatial resolution and millisecond temporal resolution with the ability to simultaneously detect hundreds of multi-component DNAprotein complexes interacting in a microfluidic chamber using visible fluorescence microscopy. Conversely, nanomaterials such as SWNT are commonly studied using near-infrared (nIR) epifluorescence microscopy, due to their intrinsic nIR fluorescence. While biophysical techniques such as sm-TIRF only report on the state of the biomolecules under study, monitoring the intrinsic fluorescence of nanoparticles in the nIR only reports on the electronic changes incurred by the nanoparticle itself. We have combined both sm-TIRF and nIR microscopy into a single instrument with the capacity to study both nanoparticles and biological molecules simultaneously, with the spatial and temporal resolution required for characterizing nanoscale interactions. We then apply this microscopy tool for the characterization of nanoparticle-based sensors of cellular metabolites [7] .
B. Development of nanotube-templated synthetic sensors
The importance of molecular recognition spans across many fields, particularly for mechanisms involving biological structures such as antibodies and aptamers. Naturally occurring antibody-antigen pairs have been used for numerous applications, principally for diagnostics and sensing. However, identifying and isolating an antibody for a particular biological molecule is often costly and time-consuming. Molecular recognition hinges upon proper orientation of interacting molecules in three-dimensional space, and the subsequent creation of a unique binding interface between the molecules. To provide molecular recognition for target analytes, we synthesized a library of heterogeneous synthetic polymers designed with alternating hydrophobic and hydrophilic segments such that the hydrophobic segments adsorb to a SWNT and the hydrophilic segments bind a watersoluble analyte. This synthetic nanotube-templated antibody (synthetic antibody) can be engineered to recognize any watersoluble antigen by designing the hydrophilic segment to recognize molecular targets selectively. We show this approach is valid by synthesizing synthetic antibodies that enable selective detection of hormones oestradiol and thyroxine, and essential vitamin riboflavin.
C. Probing synthetic sensor structure-function relationships
The primary limitation in the production of synthetic antibodies involves predicting the structural conformation of the heteropolymer on the SWNT, particularly as it senses its target analyte. In order to elucidate design rules linking synthetic polymer structure to affinity for the nanotube surface, we tracked the behavior of the termini of our heteropolymers by tagging the heteropolymer ends with a fluorophore. Quenching of organic fluorophores occurs as a function of proximity to the surface of SWNT, thereby creating a fluorescent ruler to quantify the degree of polymer desorption. Brighter fluorophore signals are expected for properly designed hydrophilic analyte targets that remain desorbed, and darker signals from improperly designed polymers. We quantified the fluorescent signal emitted from the fluorophore-tagged synthetic antibodies, and determined that the sensing mechanism involves a physical desorption of the heteropolymer termini upon sensing oestradiol. Furthermore, the dual-channel imaging capability of our microscope enabled us to observe both the near-infrared SWNT signal upon introduction of the oestradiol analyte, and simultaneous movement of the heteropolymer to enable selective access of oestradiol to the SWNT surface. Tracking of riboflavin was also accomplished in real-time within a live macrophage cell. The ability to predict target-polymer desorption from the SWNT has enabled rapid and more reliable design of high-sensitivity and high-selectivity synthetic antibodies. This design approach will also enable the synthesis of longer and more complex hydrophilic polymer sequences to bind larger molecules such as peptides and proteins.
III. CONCLUSIONS
We have shown that synthetic nanotube-templated antibodies can be engineered by constraining a heteropolymer on a SWNT surface. Furthermore, we can characterize these heteropolymer structures on SWNT surfaces with high spatial and temporal resolution to elucidate design rules for future synthetic sensors. Potential uses of these nanotube-based sensors include low-cost medical diagnostics, biodefense screening tools, and rapid methods to test structure-function relationships of biological molecules.
